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Abstract 27 
 Detrital chrome spinel (Cr-spinel) is for the first time described from the Nakhlak 28 
Group, which is a distinctive Triassic (Late Olenekian‒?Early Carnian) sedimentary 29 
succession in Central Iran. Previously published data from the Nakhlak Group suggest 30 
deposition along an active margin during the Triassic and Eurasian affinity. Presently, the 31 
Nakhlak Group is located in the northwestern region of the Central-East Iranian 32 
Microcontinent, a major segment of the Cimmerian block. The Nakhlak region is believed to 33 
have been dislocated from its prior position at the Turan Plate from the southern Eurasian 34 
active margin after deposition in Triassic time. Almost all of the analysed detrital Cr-spinels 35 
have high Cr-numbers (0.6–0.85), variable Mg-numbers (0.33–0.78), and low Fe3+ (<0.25), 36 
Al2O3 (<20 wt%) and TiO2 (<0.4 wt%) contents, suggesting a magmatic source for the Cr-37 
spinels formed both within oceanic (mainly harzburgitic) mantle and in a supra-subduction 38 
zone (SSZ) tectonic setting. The data suggest that mafic‒ultramafic rock assemblages with 39 
SSZ signatures were generated in the Paleo-Tethyan realm before their obduction as an 40 
ophiolite. By comparing data from the present study with results from previous work on the 41 
Triassic in Central Iran it is evident that Paleo-Tethyan ophiolites of intra-oceanic island-arc 42 
(IOIA) origin supplied detrital material to the Nakhlak Group at the southern margin of 43 
Eurasia during pre- to syn-Eocimmerian tectonics in the Triassic. 44 
 45 
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 48 
Research highlights 49 
► Cr-spinel is for the first time reported from the Triassic of Iran.  50 
► The Cr-spinels are mainly high Cr-type derived from podiform chromitites. 51 
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► The chromitites probably formed in an intra-oceanic island-arc setting during the 52 
Paleozoic. 53 
► Ophiolitic rocks along Eurasia’s southern margin supplied Cr-spinels to the Triassic 54 
sediments. 55 
 56 
1. Introduction 57 
 58 
 Detrital Cr-spinel is a reliable petrogenetic and provenance indicator (e.g., Pober and 59 
Faupl, 1988; Cookenboo et al., 1997; Lužar-Oberiter et al., 2009; Caracciolo et al., 2015; 60 
Baxter et al., 2016). Because of its chemical durability and mechanical stability, its 61 
compositional signature after burial in sedimentary strata is preserved, in contrast with olivine 62 
and most other mafic minerals, which are altered rapidly at near surface conditions (e.g., 63 
Morton and Hallsworth, 1999, and references therein), and thus Cr-spinel is often the only 64 
remnant of those tectonic slabs of oceanic crust involved into orogenic collision zones. In 65 
addition, Cr-spinel is a sensitive indicator of melt composition and pressure of crystallization 66 
(e.g., Dick and Bullen, 1984; Barnes and Roeder, 2001; Kamenetsky et al., 2001), because Cr-67 
spinel is an early forming phase which precipitates before the magma composition is affected 68 
by crystallization of silicate minerals (Zhou and Robinson, 1994). 69 
 Mafic‒ultramafic rocks of ophiolite complexes are the main source for detrital Cr-70 
spinel (Mosier et al., 2012). Paleozoic ophiolites, interpreted as remnants of the Paleo-Tethys, 71 
are preserved in southwestern Eurasia (e.g., Turkey, Caucasus, Iran, Turkmenistan, and 72 
Afghanistan). In northern Iran, from west to east, remnants of Paleo-Tethys ophiolites include 73 
the Takab ophiolite, Rasht ophiolite, South Caspian Sea Basin ophiolite, Aghdarband 74 
ophiolite, and Mashhad ophiolite (Fig. 1a). Paleozoic ophiolites are also found in the NW 75 
region of the Central-East Iranian Microcontinent (CEIM), which hosts the Anarak, Jandaq, 76 
Bayazeh and Posht-e-Badam ophiolites (Fig. 1a). They are affiliated to the northern Iranian 77 
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Paleo-Tethys suture zone and related Variscan terranes of the Turan Plate (e.g., Bagheri and 78 
Stampfli, 2008; Zanchi et al., 2015). The western part of the CEIM is thought to be dislocated 79 
from its primary formation site, which was located close to the Aghdarband region (NE Iran) 80 
somewhere at the Turan Plate (southern Eurasia). This region attached to the Cimmerian 81 
block following the Cimmerian–Eurasian collision, then detached from Eurasia and 82 
transferred to central Iran by a counterclockwise rotation, which is supported by 83 
paleomagnetic data (Davoudzadeh et al., 1981; Soffel and Forster, 1984; Soffel et al., 1996; 84 
Alavi et al., 1997; Mattei et al., 2012, 2015). Based on the structural interpretation of high-85 
resolution aeromagnetic and radiometric data in central Iran, anticlockwise rotation of the 86 
CEIM is confirmed by widespread dextral shearing during the Late Triassic–Early Cretaceous 87 
(Basson et al., 2016). 88 
 In the western part of the CEIM, to the north of the Anarak ophiolite, Triassic 89 
sedimentary rocks of the Nakhlak Group crop out in the Nakhlak Mountain (Fig. 1b and c). 90 
These rocks are distinctive and unique in Central Iran because they are similar to Triassic 91 
successions in NE Iran (e.g., Alavi et al., 1997; Vaziri, 2001), i.e. to the north of the Northern 92 
Iranian Paleo-Tethys suture zone. Constraining the provenance of the Nakhlak Group is 93 
important for geodynamic reconstructions of the Paleo-Tethyan realm. Here we report for the 94 
first time the occurrence of detrital Cr-spinel grains in the Nakhlak Group sediments and 95 
present mineral geochemistry to decipher their source. The new data are the first evidence for 96 
sediment supply from Paleo-Tethyan ophiolites of intra-oceanic island-arc origin during pre- 97 
to syn-Eocimmerian convergence in Iran. 98 
 99 
(Figure 1) 100 
2. Geological setting 101 
 102 
2.1. Major structural units of Iran 103 
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 104 
 Stöcklin (1968) subdivided Iran into nine major structural zones (Fig. 1a), which differ 105 
in their structural history and tectonic style. The Plain of Shatt-al-Arab is structurally part of 106 
the Arabian platform. The Zagros Fold Belt comprises a continuous, conformable marine 107 
sequence, ranging in age from Lower Mesozoic to Neogene. The folded belt passes 108 
northeastward without a sharp boundary into a narrow zone of thrusting, the Zagros Thrust 109 
Zone, bounded on the northeast by the main Zagros thrust line. The Sanandaj‒Sirjan Ranges 110 
are the ranges that follow northeast of the main Zagros thrust. The structural zone of Central 111 
Iran comprises a roughly triangular area limited by the Lut block on the east, the Alborz 112 
Mountains on the north, and the Sanandaj–Sirjan Ranges on the southwest. Within Central 113 
Iran, the area termed by Stöcklin (1968) "eastern Central Iran", later changed to Central-East 114 
Iranian Microcontinent (Takin, 1972), can be distinguished as a special subzone. This area is 115 
bordered by the Great Kavir Fault in the north, the Nain–Baft Fault in the west and southwest, 116 
and by the Harirud Fault in the east (Davoudzadeh et al., 1981). The Alborz Mountain is a 117 
well-defined mountain range in the north of Iran. The Kopeh Dagh Range occupies the border 118 
region between Iran and Turkmenistan. The Lut Block is an irregularly outlined, essentially 119 
N‒S trending, rigid mass smoothly surrounded by the ranges of Central and East Iran. The 120 
Makran and East Iranian Ranges are much more closely related to the Baluchistan‒Indus 121 
Ranges of Pakistan than to the rest of Iran. The reader is referred to Stöcklin (1968), Takin 122 
(1972), Berberian (1981), Alavi (1991) and Nogole-Sadat (1993) for more information about 123 
the major structural zones of Iran. 124 
 Additionally, the presence of several ophiolitic belts may represent the opening and 125 
closure of many oceanic basins and the complex geological history of Iran. One of the main 126 
structural units is the Central-East Iranian Microcontinent (CEIM). The study area is located 127 
in the NW part of the CEIM (Fig. 1a). Here the Anarak Metamorphic Complex (AMC) crops 128 
out including the Paleozoic Anarak metamorphic rocks and associated ophiolite (Sharkovski 129 
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et al., 1984; Bagheri and Stampfli, 2008; Buchs et al., 2013; Torabi, 2013; Shafaii Moghadam 130 
and Stern, 2014). The ophiolite is mainly composed of (i) serpentinite to serpentinitic 131 
peridotite lenses that in few places have been intruded by gabbroic‒basaltic bodies and dykes 132 
as well as trondhjemite (plagiogranite) and (ii) pillow lavas (OIB type) overlain by rhyolites 133 
(Sharkovski et al., 1984; Bagheri and Stampfli, 2008; Shafaii Moghadam and Stern, 2014). 134 
The nearest other Paleozoic ophiolites occur at Jandaq to the NE and at Bayazeh to the SE 135 
(Torabi et al., 2011; Nosouhian et al., 2014a) (Fig. 1a). The Jandaq ophiolite is composed of 136 
metamorphosed peridotite and serpentinized peridotite (mainly lherzolite and minor 137 
harzburgite), gabbro, amphibolite, rodingite and listwaenite (Torabi et al., 2011). Mesozoic 138 
granite intrusions crosscut the Jandaq ophiolite (Torabi et al., 2011). The Bayazeh ophiolite is 139 
mainly composed metamorphosed serpentinite and serpentinized peridotite (mainly 140 
harzburgite), gabbro, ultramafic dykes, picrite, and listwaenite (Nosouhian et al., 2014a). 141 
These ophiolites represent remnants of the Paleo-Tethys (Bagheri and Stampfli, 2008; Zanchi 142 
et al., 2009a, b; Buchs et al., 2013). Zanchi et al. (2015) suggest that the AMC belongs to a 143 
Variscan accretionary wedge developed along the southern Eurasian margin before the 144 
Cimmerian parts of Iran collided with that. Bagheri and Stampfli (2008) have established two 145 
low-grade metamorphic units (Doshakh accretionary wedge and Bayazeh Flysch) of Permian 146 
to Triassic age further to the south of Anarak, along with the Paleo-Tethys suture zone. These 147 
units also record the progressive closure of the Paleo-Tethys during the Cimmerian collision.  148 
 The whole region between Anarak and Jandaq further north has been considered as 149 
part of a large allochthonous block, which was probably located in a very different tectonic 150 
position (Bagheri and Stampfli, 2008; Zanchi et al., 2009a, b; Buchs et al., 2013; Zanchi et al., 151 
2015). In fact, it suggested that the AMC has once been connected to the Upper Paleozoic 152 
units of NE Iran, Fariman Complex and Binalood units (Zanchi et al., 2015). 153 
 The CEIM appears to have been rotated in an anticlockwise sense and is surrounded 154 
by an Upper Cretaceous to Lower Eocene ophiolite and ophiolitic mélange (Fig. 1a). It is very 155 
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wide in the Sabzevar‒Torbat area, considerably narrower at Nain, and locally reduced to an 156 
exposed width of only few hundred meters southwest of the Shirkuh Microblock (Stöcklin, 157 
1968). 158 
 159 
2.-2. Geology of the Nakhlak Group 160 
  161 
The study area is located to the north of the Anarak (Fig. 1a and b). It comprises the Nakhlak 162 
Mountain where the Nakhlak Group is exposed (Figs 1c and 2). This group includes three 163 
formations (from oldest to youngest) (e.g., Davoudzadeh and Seyed-Emami, 1972; Alavi et 164 
al., 1997; Vaziri, 2001; Balini et al., 2009; and own observations): the Alam, Baqoroq, and 165 
Ashin formations. The Alam Formation was deposited in the Upper Olenekian‒Anisian as 166 
constrained by bivalves and ammonoids (Tozer, 1972; Vaziri and Fürsich, 2007; Balini et al., 167 
2009) and conodonts (Balini et al., 2009). The Alam Formation is a 1060-m-thick mixed 168 
volcanic siliciclastic and calcareous succession (Fig. 2a–c) which starts with volcaniclastic 169 
beds, followed by ooid-bearing calcareous massive layers and fossiliferous limestones, 170 
deposited in an agitated shallow shelf depositional environment. The Alam Formation 171 
continues into a thick sequence of thin sandy-, silty-, and calcareous ammonoid-bearing beds, 172 
representing different parts of the Bouma sequence (Bouma, 1962), deposited by turbidity 173 
currents in the deeper parts of the basin (Fig. 2b). In the middle part of the Alam Formation, 174 
there is a pseudo-nodular fossiliferous limestone sequence, which followed by thick 175 
calcareous shale beds approaching the top of the formation. Detrital mode analysis revealed 176 
that most of the sandstone samples from the Alam Formation include dominantly volcanic 177 
detritus mainly represented by lithic fragments and single phenocrysts such as volcanic quartz 178 
grains and feldspars (Fig. 3a and b). The average quartz‒feldspar‒lithic fragment ratio is 179 
Qt21.6:F38.7:L39.7 (S.H. Hashemi Azizi, unpublished data).  180 
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The Baqoroq Formation, which lies with an erosive contact above the Alam 181 
Formation, is barren from any types of fossils which leads to an age assignment of Late 182 
Anisian‒?Early Ladinian considering its stratigraphic position between the Alam and Ashin 183 
formations (Davoudzadeh and Seyed-Emami, 1972; Balini et al., 2009). This 1294-m-thick 184 
formation starts with a conglomerate bed, which consists of ooid grainstone pebbles, probably 185 
originated from the Alam Formation, and continuous into a red massive conglomeratic 186 
sequence (Fig. 2a and c–e). Generally, the Baqoroq Formation can be subdivided into two 187 
main bodies of conglomerates. The first body of massive conglomerate beds comprises first-188 
cycle sedimentary and volcanic material as well as some recycled metamorphic basement 189 
such as polycrystalline quartz. The second body of massive conglomerate beds is composed 190 
of less sedimentary and volcanic material and is chiefly composed of low-grade metamorphic 191 
detritus. The Baqoroq Formation shows a red color and sedimentary structures (e.g., massive 192 
gravel matrix- and clast-supported, horizontal bedding, imbrication, and trough cross-beds) 193 
demonstrate a gravel-bed fluvial depositional environment (Miall, 2006). Detrital mode 194 
analysis showed a hybrid composition for the Baqoroq Formation including low-grade 195 
metamorphic and volcanic as well as sedimentary detritus (Fig. 3c–e). The average quartz‒196 
feldspar‒lithic fragment ratio is Qt45:F19.7:L35.3 (S.H. Hashemi Azizi, unpublished data).  197 
The Baqoroq Formation is conformably overlain by the 364-m-thick Ashin Formation, 198 
which is dominated by shale beds intercalated with thin sandstone, calcareous siltstone and 199 
fossiliferous limestone (Fig. 2f and g). The upper part of this formation has been tectonically 200 
truncated. Limestone and shale beds contain fossil remains such as ammonoids, bivalves, and 201 
crinoids suggesting a Ladinian‒?Early Carnian age (Tozer, 1972; Vaziri and Fürsich, 2007; 202 
Balini et al., 2009). Sedimentary structures characteristic for Bouma sequences (Bouma, 203 
1962) and Nereites ichnofacies suggest that the Ashin Formation was deposited by distal 204 
turbidity currents. Modal analysis showed the Ashin Formation sandstones contain chiefly K-205 
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feldspar and volcanic detritus as well as some fossil fragments (Fig. 3f). The average quartz‒206 
feldspar‒lithic fragment ratio is Qt35:F46.5:L18.5 (S.H. Hashemi Azizi, unpublished data). 207 
 208 
(Figure 2) 209 
(Figure 3) 210 
 211 
3. Materials and methods 212 
 213 
 Samples were taken from fine- to medium-grained sandstone beds, crushed and dry-214 
sieved to obtain the 63–125 μm fractions. Carbonate was removed by 5% cold acetic acid 215 
treatment. Heavy fractions were separated by immersion in heavy liquid (sodium 216 
polytungstate,  = 2.85 g cm–3). Cr-spinel selection from the heavy fractions was achieved by 217 
handpicking under a binocular microscope. Cr-spinel grains were fixed in an epoxy resin 218 
mount and polished (see Appendix A). The grains were analyzed with a JEOL JXA 8900 RL 219 
electron probe microanalyzer (EPMA) equipped with five wavelength dispersive 220 
spectrometers at the University of Göttingen (Department of Geochemistry, Geoscience 221 
Center). Conditions included an accelerating voltage of 20 kV and a beam current of 20 nA. 222 
The counting times were 15 s for Mg, Al, Si, and Fe, and 30 s for Cr, Ti, Mn, V, Ni, and Zn. 223 
Matrix correction was performed using the Phi-rho-Z procedure. Ferrous and ferric Fe in Cr-224 
spinel were calculated from raw analyses assuming spinel stoichiometry. Data evaluation and 225 
calculation of atomic ratios followed standard procedures (Barnes and Roeder, 2001). 226 
Representative Cr-spinel analyses are given in Table 1. The full dataset is provided as 227 
Supplementary material (see Appendix A).  228 
 229 
(Table 1) 230 
4. Results 231 
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 232 
 In total, we analyzed 250 Cr-spinel grains from six sandstone samples taken from the 233 
Alam, Baqoroq, and Ashin formations (two samples per formation) (Fig. 1c). Representative 234 
photomicrographs taken from Cr-spinel samples of the Alam, Baqoroq, and Ashin formations 235 
are provided as Supplementary material (see Appendix A). The mineral chemical results for 236 
all samples are illustrated in Figs. 4–6. 237 
 238 
4.1. Alam Formation 239 
 240 
 In total 99 Cr-spinel grains were analyzed from the Alam Formation (GPS coordinates 241 
of sample localities: sample AN4H: 333240.21 N, 534839.83 E; sample AN278H: 242 
333341.75 N, 534749.33 E). Cr-number [Cr# = Cr/(Cr + Al)] values of the analyzed Cr-243 
spinels range from 0.62 to 0.82 (average of 0.75), mostly (59%) between 0.70 and 0.79, with 244 
two grains containing high Cr# values (0.89 and 0.93). Mg-number [Mg# = Mg/(Mg + Fe2+)] 245 
values range from 0.43 to 0.77 (average of 0.69), with limited Mg:Fe variations. Fe3+ values 246 
are consistently low. The maximum Fe3+/(Fe3+ + Cr + Al) value in the Alam Formation 247 
spinels is 0.07. TiO2 values range between 0.09 and 0.37 wt% (average of 0.21) with 33% 248 
having TiO2 concentrations above 0.2 wt%. A ternary plot of Cr‒Al‒Fe3+ (Fig. 4) is 249 
commonly used for discriminating Alpine-type peridotites from Alaskan-type and stratiform 250 
peridotite complexes. In Alpine-type peridotites, Cr increases with increasing Fe3+, but Fe3+ 251 
concentrations overall remain quite low. The most significant chemical variation of spinel in 252 
abyssal spinel-peridotites is a large reciprocal variation of Cr and Al. Those abyssal 253 
peridotites with spinel compositions at the high-chrome end of the spinel range are generally 254 
harzburgites (Dick and Bullen, 1984). Spinel compositions from the Alam Formation plot at 255 
the high-Cr end; the Cr concentration increases with increasing Fe3+, but Fe3+ remains low 256 
(Fig. 4a), consistent with an Alpine-type peridotite origin. Because Cr-spinels of abyssal 257 
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peridotites are limited by upper Cr# values of 0.6, whereas the values of spinels of Alpine-258 
type peridotites reach up to 0.85 (Dick and Bullen, 1984), Cr-spinels from the Alam 259 
Formation are more likely to have originated from Alpine-type peridotites. According to the 260 
Dick and Bullen (1984) peridotite classification scheme, Alam Formation spinels fit to type 261 
III peridotites and associated volcanics (Cr# >0.6 and very low Ti), which are found to be 262 
related to island arc/back-arc systems. In the Cr# versus Mg# diagram (Fig. 4d) all data fall 263 
within the podiform chromitites field except four grains fall in the area participated by 264 
harzburgites defined by Pober and Faupl (1988). Spinels from Alam Formation are highly 265 
magnesian, and Fe2+:Mg ratios are almost constant (0.29–0.83) which agrees with Dickey 266 
(1975) assertion about constant Fe2+:Mg ratio in chromites from podiform deposits. In the 267 
Fe2+/Fe3+ and TiO2 versus Al2O3 discrimination diagrams proposed by Kamenetsky et al. 268 
(2001) most of the data fall in the field of arc rocks and volcanic spinels, some spinel grains 269 
lie in the field of the supra-subduction zone (SSZ) peridotites (Fig. 5). In the TiO2 versus Cr# 270 
diagram most of the high-Cr chromites plot in the boninitic field (Fig. 6a). 271 
 272 
4.2. Baqoroq Formation 273 
 274 
 In total 51 Cr-spinel grains were analyzed from Baqoroq Formation (GPS coordinates 275 
of sample localities: sample B2H: 333345.67 N, 534750.97 E; sample B11H: 276 
333344.88 N, 534826.07 E). Generally, high-Cr# spinels from podiform chromitites 277 
predominate in Baqoroq Formation (Fig. 4e). Sample BH2 contains 85% spinels with Cr# 278 
0.6–0.8. Two grains are relatively high in Al3+ (0.99 and 1.15) with Cr# as low as 0.32 and 279 
0.41. Sample BH11 contains spinels with Cr# values between 0.32 and 0.82 and Mg# values 280 
between 0.33 and 0.74, with Mg concentration generally decreasing as Fe increases. The 281 
maximum Fe3+/(Fe3+ + Cr + Al) in the analyzed spinels is 0.13. TiO2 values range between 282 
0.01 and 0.71 wt% (average of 0.17), with 22% having TiO2 concentrations above 0.2 wt%. 283 
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Fig. 4b shows Alpine-type peridotite as possible source rocks, except two grains that contain 284 
low Cr and high Al. According to the Dick and Bullen (1984) peridotite classification scheme, 285 
Baqoroq Formation spinels fit all three types of peridotites. In the Cr# versus Mg# diagram 286 
(Fig. 4e), most of the data fall in the podiform chromitites field, some grains lie in the 287 
harzburgites field and one grain plots in the cumulates field (Pober and Faupl, 1988). On the 288 
Fe2+/Fe3+ and TiO2 versus Al2O3 diagrams, most of the spinels fall in the field of arc rocks 289 
and volcanic spinels, while some spinels plot in the field of SSZ peridotites and MORB (Fig. 290 
5b and e). In a TiO2 versus Cr# diagram most of the high-Cr chromites plot in the boninitic 291 
field and two grains plot in the MORB field (Fig. 6b). 292 
 The data clearly illustrate that Cr-spinels from the Baqoroq Formation slightly differ 293 
from Cr-spinels of the two other formations of the Nakhlak Group. The slightly more variable 294 
compositions in the Baqoroq Formation are consistent with exposure of additional source 295 
rocks in basically the same source area. A similar conclusion that source rocks became more 296 
varied through time is evident from the detrital modes of the sandstones (Balini et al., 2009; 297 
S.H. Hashemi Azizi, unpublished data). In fact, more feldspatholithic and quartzofeldspathic 298 
sandstones in the Alam Formation transition into more lithoquartzose and feldspathoquartzose 299 
sandstones in the Baqoroq Formation; furthermore, there is less volcanic input in the Baqoroq 300 
Formation compared with the Alam Formation. As a matter of fact, there is a conspicuous 301 
transition from volcanic to metamorphic detritus within the Baqoroq Formation; volcanic 302 
detritus derived from active arcs or eroded inactive arcs plus quartz-schist lithic fragments are 303 
plentiful in the lower part of the formation while volcanic detritus is absent in the upper part 304 
that is chiefly composed of quartz-schist and quartz-muscovite-schist. Thus, an overall 305 
comparison of the Alam and Baqoroq formations confirms obvious changes in lithology like 306 
the remarkable increase of the abundance of polycrystalline quartz, a considerable decrease of 307 
volcanic input, and the presence of low-grade metamorphic detritus in the Baqoroq 308 
Formation. A decrease in the abundance of volcanic-derived material is probably related to a 309 
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quiescence phase in arc activity, which supplied volcanic material in the Alam Formation. 310 
The availability of metamorphic-basement-derived components in the Baqoroq Formation 311 
may be related to different criteria such as a) Eustatic sea level drop during the late Anisian 312 
(Ogg et al., 2016); b) Uplifted basement during the early Ladinian by pre-Cimmerian 313 
tectonics.  314 
 315 
4.3. Ashin Formation 316 
 317 
 In total 100 Cr-spinel grains were analyzed from the Ashin Formation (GPS 318 
coordinates of sample localities: sample AS1H: 333418.81 N, 534813.79 E; sample 319 
AS107H: 333416.78 N, 534846.29 E). The Cr-spinels from the Ashin Formation show a 320 
range of Cr# between 0.62 and 0.85 (average of 0.77) and Mg# values between 0.42 and 0.78 321 
(average of 0.68), with limited Mg:Fe variations. The maximum Fe3+/(Fe3+ + Cr + Al) in 322 
Ashin Formation spinels is 0.07. TiO2 values range between 0.04 and 0.39 wt% (average of 323 
0.19), with 26% having TiO2 concentrations above 0.2 wt%. Fig. 4c depicts Alpine-type 324 
peridotite for Ashin Formation spinels. All data cluster in the podiform chromitites field (Fig. 325 
4f). On the Fe2+/Fe3+ and TiO2 versus Al2O3 diagrams (Fig. 5c and f) most of the data fall in 326 
the field of arc rocks and volcanic spinels, while some spinel grains lie in the field of SSZ 327 
peridotites. In a TiO2 versus Cr# diagram most of the high-Cr chromites plot in the boninitic 328 
field and one grain plots in the MORB field (Fig. 6c). Overall, spinel compositions in Ashin 329 
and Alam formations sandstones are similar. 330 
 331 
(Figure 4) 332 
(Figure 5) 333 
(Figure 6) 334 
 335 
  14
5. Discussion 336 
 337 
 Electron microprobe data reveal that almost all analyzed detrital Cr-spinel grains from 338 
the Nakhlak Group sandstones belong to the magnesiochromite series, which is characterized 339 
by having both Cr# and Mg# values >0.5. Podiform chromitites are probably the source for 340 
most of these high-Cr grains. Podiform chromitites typically occur as lenticular or pod-shaped 341 
bodies, a few meters or tens of meters in length, and most of these may be formed in the 342 
upper mantle or in the mantle-crust transition zone in an oceanic arc environment (Dickey, 343 
1975; Zhou and Robinson, 1994; Arai and Yurimoto, 1995; Robinson et al., 1997). High-Cr 344 
type chromites generally contain less than 0.4 wt% TiO2, have high Cr contents (Cr# > 0.6), 345 
and are characterized by wider ranges of FeO and MgO than the high-Al series (Dickey, 346 
1975). Chromites from individual podiform chromitite deposits have an almost constant 347 
Fe2+/Mg ratio (Dickey, 1975). These chromites are typically crystalized from highly 348 
magnesian magmas (boninitic type formed by a high degree of partial melting) and hosted in 349 
highly depleted harzburgites (Zhou and Robinson, 1994; Zhou et al., 1994; Robinson et al., 350 
1997). Chromium-rich, Mg-rich chromites are the hallmark of primitive mantle-derived 351 
magmas (Barnes and Roeder, 2001). Considering the TiO2 and Cr# values, Nakhlak Group 352 
Cr-spinels resemble spinels found in boninites (Arai, 1992; Pagé and Barnes, 2009) (Fig. 6). 353 
About 22–33% of the Cr-spinel grains from the Nakhlak Group have 0.2 wt% TiO2, 354 
suggesting that some of the Cr-spinels are likely derived from volcanics. The Baqoroq 355 
Formation has least grains (only 22%) containing high TiO2 while the Alam Formation has 356 
most grains (33%) containing high TiO2. 357 
 Geochemical characteristics of the Nakhlak Group spinels suggest podiform 358 
chromitites hosted in highly depleted harzburgites as source rocks. According to Robinson et 359 
al. (1997) and Zhou et al. (2014), podiform chromites occur primarily in SSZ mantle sections 360 
and their chemical compositions can be correlated with the formation in different tectonic 361 
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settings, especially intra-oceanic island arcs and nascent spreading centers that form in back-362 
arc basins. It is therefore likely that SSZ-influenced mantle material and volcanic arc rocks 363 
are the sources of the Cr-spinels in the Nakhlak Group sediments. The SSZ-related magmatic 364 
activity and volcanic arc formation were related to intra-oceanic subduction of Paleo-Tethys 365 
lithosphere probably at some point between the Devonian and Permian (Fig. 7). Later, likely 366 
during the Permian, chromitite-bearing SSZ peridotites were obducted onto the continental 367 
Eurasian crust and were eroded into a fore-arc basin during the Triassic (Fig. 7). Balini et al. 368 
(2009) in their petrographic study of sandstones and conglomerates of the Nakhlak Group 369 
oppose the occurrence of ophiolitic rock fragments (serpentinites) reported by Alavi et al. 370 
(1997). Although in the present study, we could not find any ophiolitic rock fragments, we 371 
found detrital Cr-spinel grains, which have survived weathering and burial diagenesis. Even 372 
so, the heavy mineral assemblage includes plenty of Cr-spinel grains, Nakhlak Group 373 
sandstones are barren in ultramafic rock fragments and in fact are dominated by fresh 374 
volcanic derived material of felsic‒intermediate composition in samples from the Alam and 375 
Ashin formations, whereas sandstones of the Baqoroq Formation show a mixed provenance of 376 
arc and recycled orogen (Balini et al., 2009; S.H. Hashemi Azizi, unpublished data). The 377 
detrital material was not transported over long distances. All of that can be explained by 378 
placing the Nakhlak Group depositional system in a fore-arc basin setting where the fresh 379 
volcanic material comes from arc volcanic rocks and Cr-spinel grains from both volcanics and 380 
the recycling of unstable ultramafic rock fragments from an ophiolite complex (Fig. 7). 381 
 The nearest ophiolite complexes of Paleozoic age are found in the Jandaq and Anarak 382 
regions. Late Paleozoic igneous rocks show clear SSZ (back-arc extension, BABB-like 383 
volcanic rocks) geochemical signatures, and preceding formed metabasites show OIB and 384 
MORB signatures (e.g., Shafaii Moghadam and Stern, 2014, and references therein). Cr-385 
spinels from the Jandaq peridotites have Cr-numbers (0.46‒0.61), Mg-numbers (0.38‒0.61) 386 
and TiO2 values (0.00‒0.42 wt%) (Torabi et al., 2011) similar to some Cr-spinels found in the 387 
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Baqoroq Formation (this study), indicating lherzolitic to harzburgitic sources. Spinel 388 
compositions from the Baqoroq Formation are more diverse compared with spinel 389 
compositions from the Alam and Ashin formations, which only contain volcanic arc and SSZ 390 
originated spinels. Petrological observations (Balini et al., 2009; Zanchi et al., 2009b; S.H. 391 
Hashemi Azizi, unpublished data) also confirm that the Baqoroq Formation has a greater 392 
diversity in the composition of its components. This indicates that additional source rocks 393 
have been exposed in the source area during the time of deposition of the Baqoroq Formation. 394 
Metasedimentary (quartz-mica schist) clasts from the Baqoroq Formation are similar to 395 
metamorphic components of the Anarak Metamorphic Complex (AMC). Minor parts of the 396 
latter are also exposed in the Nakhlak Mountain, but most exposures of the AMC are found to 397 
the south of the Nakhlak Mountain (Fig. 1). However, the Jandaq and Anarak ophiolites do 398 
not contain chromitites because of inappropriate chemical compositions of mantle peridotite 399 
and pyroxenes (low Cr contents) and an insufficient degree of partial melting of mantle rocks 400 
(Torabi, 2013). The chemical composition of spinels in Paleozoic ophiolites of NE Iran 401 
(Shafaii Moghadam et al., 2015) is also different to those of this study. Considering the lower 402 
Cr# (0.61–0.68) and Fe+3# (0.02–0.04) and slightly higher SiO2 values, the detrital input of 403 
Cr-spinels from serpentinites of the Bayazeh ophiolite (Nosouhian et al., 2014b) is also 404 
excluded. Although there are many ophiolite bodies in the region that are related to the Paleo-405 
Tethys subduction, those have no potential of being source rocks for the Nakhlak Group 406 
spinels. The Cr-spinel-bearing source rocks have probably been eroded completely or buried 407 
since the Triassic. Regardless of this, the recognition of detrital Cr-spinel grains in the 408 
Triassic Nakhlak Group is important for sediment provenance studies and paleotectonic 409 
reconstructions of the Paleo-Tethyan realm in the Middle East. 410 
 411 
(Figure 7) 412 
 413 
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6. Conclusions 414 
 415 
Most of the detrital Cr-spinel grains in the Triassic Nakhlak Group display considerably high 416 
Cr- and Mg-numbers. An ophiolitic source is suggested which comprises podiform 417 
chromitites emplaced in depleted peridotites associated with mafic magma, which developed 418 
in a supra-subduction zone and arc setting. The mineral chemical composition of the detrital 419 
Cr-spinels is similar in the whole Nakhlak Group, especially in the Alam and Ashin 420 
formations, suggesting a uniform source area during the Late Olenekian‒?Early Carnian. The 421 
Baqoroq Formation contains some spinel grains with slightly different composition, which 422 
can be explained by a different input into the same basin, supplied by a source similar to the 423 
Anarak and Jandaq ophiolites. The occurrence of detrital Cr-spinel grains in the Nakhlak 424 
Group provides (i) evidence for the presence of an intra-oceanic island-arc system within the 425 
Paleo-Tethyan realm and (ii) good time constraints on the obduction and erosion history of 426 
Paleo-Tethys related ophiolites before the final collision of the Cimmerian blocks with the 427 
southern Eurasian margin. At present, however, an exact source area cannot be constrained 428 
due to the lack of sufficient Cr-spinel chemical reference data of pre-Mesozoic ophiolites in 429 
Iran. 430 
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Tables 602 
 603 
Table 1. Representative EPMA major element oxide analyses for detrital Cr-spinel grains 604 
from the Triassic Nakhlak Group of Central Iran. 605 
 606 
Figure captions 607 
 608 
 609 
Figure 1. (a) Iranian major structural units and adjacent areas. Compiled and simplified after 610 
Stöcklin (1974), Berberian and King (1981), Angiolini et al. (2007), Bagheri and Stampfli 611 
(2008), Kalvoda and Bábek (2010) and Zanchi et al. (2015). CEIM: Central-East Iranian 612 
Microcontinent; GKF: Great Kavir Fault; NBF: Naiband Fault. Paleozoic ophiolites in 613 
northern Iran: TA = Takab, RS = Rasht, SC = south Caspian Sea basin, AG = Aghdarband, 614 
MS = Mashhad. Paleozoic ophiolites in central Iran: An = Anarak, Jn = Jandaq, By = 615 
Bayazeh, Pb = Posht-e-Badam. (b) Geological map of the Nakhlak Mountain (redrawn from 616 
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Vaziri, 2012) showing the Alam, Baqoroq, and Ashin formations. The studied sections are 617 
illustrated by black solid lines. The sample positions are indicated by symbols (see Fig. 1c for 618 
details). The location of the Nakhlak mine and the way to the Anarak town are also shown. (c) 619 
A simplified log showing stratigraphy of the Nakhlak Group, main lithologies, and sample 620 
positions. 621 
 622 
 623 
Figure 2. (a) Wide view of the Alam Formation and the beginning of the Baqoroq Formation. 624 
The Alam Formation is a colorful sequence of fossiliferous limestone and siliciclastic 625 
turbidites. The Baqoroq Formation is red mainly conglomeratic sequence. (b) Outcrop of the 626 
Alam Formation. The exposure shows the alternation of cm-thick turbidite sandstone lobes 627 
(dark color thick to medium-bedded sandstone packages) and calcareous shaly intervals 628 
(gray). The inset photo shows a close-up view. (c) Wide view of the red Baqoroq Formation 629 
conglomerate. The Alam Formation is also visible. (d) A massive conglomeratic bed from the 630 
Baqoroq Formation with the components being in size of cobbles and boulders. (e) A close up 631 
view from the Baqoroq Formation outcrop showing chiefly schist (M) and ooid grainstone (L) 632 
pebbles. (f) Greenish-gray mostly calcareous shale beds outcrop from the upper parts of the 633 
Asin Formation. Backpack (encircled) for scale. The inset photo shows a close up of crinoid 634 
bed. (g) Outcrop view of the distal turbiditic sequence of dark thin sandstone beds and 635 
medium-bedded greenish-gray shale. The inset photos show trace fossil (left side) and  a huge 636 
septarian nodule (right side). White arrows in photographs show stratigraphic younging 637 
direction. 638 
 639 
Figure 3. (a) Photomicrograph from a feldspatholithic sandstone of the Alam Formation. 640 
Fresh tabular feldspar grains are noticeable in the centre of the image. The interstitial grains 641 
are mainly pseudo-matrix formed by compaction of unstable volcanic detritus. (b) Lathwork 642 
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and vitric volcanic lithic clast in volcanolithic sandstone from the Alam Formation. The 643 
matrix and some feldspar grains are replaced by calcite. (c) Volcanolithic sandstone from the 644 
lower part of the Baqoroq Formation. (d) Increase of the abundance of metamorphic clasts in 645 
a sandstone from the upper part of the Baqoroq Formation. (e) Polymictic conglomerate 646 
includes a gravel of ooid grainstone, which is very common throughout the Baqoroq 647 
Formation. (f) Feldspatholithic sandstone from the Ashin Formation. Pl = plagioclase, Kfs = 648 
potassium feldspar, Qz = quartz, Lv = volcanic lithic fragment, Lsm = metamorphic lithic 649 
fragment, Ls = sedimentary lithic fragment, C = carbonate cementation and/or replacement, 650 
C-F = Crinoid fragment. All photomicrographs have been taken in cross-polarized light. 651 
 652 
 653 
Figure 4. The chemical composition of detrital Cr-spinel grains from the Triassic Nakhlak 654 
Group of Central Iran. (a‒c) Ternary plots of the major trivalent cations in Cr-spinels (after 655 
Cookenboo et al., 1997). Colourful diamonds are values from the detrital Cr-spinel grains of 656 
this study. For comparison, light gray fill represents spinel composition from Alaskan-type 657 
peridotites. The solid line denotes field for Cr-spinels of mantle melting origin, including 658 
ultramafic xenoliths, abyssal dunites, spinel and plagioclase peridotites, and Alpine-type 659 
peridotites. Stippled field shows a compositional range of spinels from stratiform intrusions 660 
derived by fractional crystallization; (d‒f) Cr# vs. Mg# plots showing compositional fields of 661 
spinels from the rock types constituting ophiolite suites (after Pober and Faupl, 1988). 662 
 663 
 664 
Figure 5. The chemical composition of detrital Cr-spinel grains from the Triassic Nakhlak 665 
Group of Central Iran. Discrimination between volcanic and mantle spinels using Fe2+/Fe3+ 666 
vs. Al2O3 (a‒c) and TiO2 vs. Al2O3 (d‒f) compositional relationships (after Kamenetsky et al., 667 
2001). MORB ‒ mid-oceanic ridge basalt, OIB ‒ ocean-island basalt, LIP ‒ large igneous 668 
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province, ARC ‒ island-arc magmas, SSZ ‒ -supra-subduction zone. Legend for sample 669 
symbols is the same as in Fig. 4. 670 
 671 
 672 
Figure 6. The chemical composition of detrital Cr-spinel grains from the Triassic Nakhlak 673 
Group of Central Iran. TiO2 vs. Cr# diagram (fields after Pagé and Barnes, 2009). Legend for 674 
sample symbols is the same as in Fig. 4. 675 
 676 
 677 
Figure 7. Schematic diagrams illustrating the possible tectonic and volcano-sedimentary 678 
evolution of the Eurasian active margin during Paleozoic and Early Mesozoic times. Please 679 
note that for the Palaeozoic the direction of subduction along the intra-oceanic island arc has 680 
not been constrained. For the Early‒Middle Triassic we suggest the development of a fore-arc 681 
basin related to arc extension leading to rapid subsidence and marine influx. The fossils of the 682 
Ashin Formation suggest deposition in a deep-marine environment (e.g., Vaziri and Fürsich, 683 
2007). This extensional setting could be the consequence of north-directed oblique subduction 684 
of the Paleo-Tethys oceanic crust leading to the development of transform fault zones and 685 
pull-apart basins along the southern Eurasian margin (see also Zanchi et al., 2009b).  686 
 687 
Electronic supplementary material 688 
Table S1. Cr-spinel chemical data. 689 
Figure S1. Transmitted light optical photomicrographs of Cr-spinel grains. 690 
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